In this paper, we present a stretchable microelectrode array for studying cell behavior under mechanical strain. The electrode array consists of gold-plated nail-head pins (250 μm tip diameter) or tungsten micro-wires (25.4 μm in diameter) inserted into a polydimethylsiloxane (PDMS) platform (25.4 × 25.4 mm 2 ). Stretchable interconnects to the outside were provided by fusible indium-alloy-filled microchannels. The alloy is liquid at room temperature, thus providing the necessary stretchability and electrical conductivity. The electrode platform can withstand strains of up to 40% and repeated (100 times) strains of up to 35% did not cause any failure in the electrodes or the PDMS substrate. We confirmed biocompatibility of short-term culture, and using the gold pin device, we demonstrated electric field pacing of adult murine heart cells. Further, using the tungsten microelectrode device, we successfully measured depolarizations of differentiated murine heart cells from embryoid body clusters.
Introduction
Stretchable electrodes as cell culture platforms have recently garnered particular attention for their utility in studying cellular behavior/response when subjected to mechanical strain [1, 2] .
Such response is central to several important pathologies such as traumatic brain injury (TBI), cardiomyopathy, and vascular disorders. The ability to record and stimulate nerve and muscle cell populations while subjecting them to mechanical strain (electromechanical stimulation) can provide insights into mechanisms of the aforementioned diseases. In addition, stretchable electrodes can be used to study stem cell differentiation since it is widely believed that mechanical cues are important in this process [3, 4] . Stretchable microelectrode arrays can also be used in vivo in implantable microdevices such as retinal prosthesis and conformal cortical electrodes [1] .
Most reported stretchable electrodes are based on the micro-pattering of a thin gold layer sandwiched between two silicone (PDMS) substrates [5] [6] [7] . While using these methods, small sensing/stimulating sites can be defined to achieve high spatial resolution, but electrode impedance values that increase with strain can become exceedingly large (>850 k ) for most sensing and stimulation applications [2] . Other techniques such as pre-stretching PDMS substrates to create buckled gold films [8, 9] and patterning metal interconnections on wavy compliant substrates have also been reported, but these electrodes are not very robust and the fabrication yields are typically low.
In this paper, we present a stretchable cell culture platform with integrated microelectrodes that alleviates the abovementioned problems. This is done by using a roomtemperature liquid alloy as interconnects and miniature gold nail-head pins or tungsten micro-wires as electrodes. With this platform we introduce significant improvements upon our previously reported stretchable microelectrode array [10] . In section 2, we describe the platform structure and fabrication process followed by bench-top electrical characterizations in section 3. Section 4 discusses in vitro cell culture tests using smooth muscle cells and cardiomyocytes. Finally, in section 5, we conclude by summarizing important results. Figure 1 shows a schematic of the cell culture platform, which consists of two PDMS layers. The top layer incorporates sub-surface liquid-alloy-filled microchannels and provides a biocompatible exterior surface for cell culture. The bottom layer is bonded to the top layer, sealing the microchannels. Gold-coated nail-head pins act as electrodes and are placed in the channels with their sharp heads protruding through the top PDMS layer. Their flange-shaped nail-head bottoms are flush against the underside of the top PDMS layer, sealing the junction against the leakage of alloy into the culture medium. the room-temperature liquid indium alloy (gallium/indium = 75.5/24.5, liquidus temperature 15.7
Platform structure and fabrication process
• C, Indium Corporation, Utica, NY) is injected into the channels and thin connecting wires are inserted into the inlet and outlet ports for electrical connections, figure 2(e). Another roomtemperature liquid alloy is the indium/mercury reported by Russell et al [11] . However, due to the environmental concerns over mercury, this alloy is not commercially available. Figure 3 (a) shows a photograph of the fabricated device with four electrodes. The device has total area of 25.4 × 25.4 mm 2 with an inter-electrode separation of 1.75 mm. The inlet and outlet ports are encapsulated with small PDMS droplets to prevent the leakage and oxidation of fusible indium alloy. As mentioned above, gold pins can be used for pacing applications (low impedance), while stiff tungsten micro-wires can be used for single-cell recording. Figure 3 (b) shows a platform with four tungsten micro-wire electrodes (25.4 μm in diameter). For the electrode shown in figure 3(b) , the protruding tungsten micro-wires are cut flush to the PDMS surface. This is done to reduce the exposed surface area and hence increase the impedance to 100-200 k for a more selective recording capability.
Insertion of the gold pin electrode through PDMS provides a self-sealed junction through the creation of an elastomeric collar around the shaft of the electrode. Figure 4 shows an optical micrograph of a gold pin inserted into the PDMS top cover. As can be seen, a PDMS ring is formed around the base with extensions (300-400 μm in height) covering the neck of the pin (figure 4, inset). This PDMS ring/collar adhesive provides an excellent barrier against any leakage of indium alloy under the electrode area during mechanical deformation. Since additional sealing steps are unnecessary, the device assembly requires a minimum of manual manipulation.
The fabrication technique discussed above is scalable to higher density electrode arrays. The factors limiting the scaling are the smallest channel dimensions that can be easily filled with indium alloy and the diameter of the electrodes. We successfully injected the room-temperature liquid alloy into PDMS microchannels with 50 μm width. We did not attempt to fill channels below 50 μm (although we think it is possible to fill smaller channels) since below that limit the size of the electrodes prohibits denser packing. Figure 5 shows 16-channel gold pin electrodes with an inter-electrode separation of 150 μm. As can be seen, in this case the limiting factor is mainly the size of the electrodes. In our experiments, we used the smallest commercially available pins; a higher density electrode array is obtainable by using tungsten micro-wires or through a more complicated fabrication process such as through-PDMS electroplated gold electrodes.
Bench-top electrical characterizations
The stretchable electrode array, without cells, was attached to a micro-manipulator in order to evaluate its electrical properties, i.e. interconnect resistance as a function of applied strain. Figure 6 illustrates the stretch test experimental setup. The device was clamped to a pair of micromanipulators with a droplet of phosphate buffer saline (pH = 7.4) placed on the device covering the electrodes. The impedance was measured between electrodes and the needle (four electrodes were measured individually and the impedance value's mean and standard deviations were calculated) at 1 kHz with the platform stretched by 2.5% strain increments and decrements. shows strain versus impedance measurements for the tungsten electrodes showing a drop from 160 k for the unstrained platform to 125 k at 35% strain. This is due to exposure of a larger tungsten area around the neck of the electrode (as mentioned above, for these electrodes, the protruding tungsten microwires were cut flush to the PDMS surface, hence the reason for extra area exposure with increased strain). We performed reliability tests by subjecting the platform to 100 cycles of stretch-release (0-40%), after which, the electrical tests were performed again; we did not observe any alloy leakage or electrode breakage.
In addition to saline tests, we also performed measurements using agarose gel (0.2% w/v) to mimic a brain tissue slice [12] . The agarose gel was placed on the stretchable electrode array platform within a PDMS ring container. The entire platform was clamped to a pair of micro-manipulators with a probe inserted into the agarose gel. A sinusoidal signal (100 mVpp, 1 kHz) was applied to the probe and transmitted voltages were recorded through gold-coated nailhead electrodes. Figure 8 shows the recorded waveforms at 0% and 30% strain. The slight difference in signal amplitude between 0% and 30% (67-72 mVpp) could be due to the deformation of agarose gel. The results clearly demonstrate the recording capability of the stretchable electrode array platform through tissue phantoms.
Mechanical strain beyond 40% resulted in the breakage of the PDMS platform along the microchannels in the direction perpendicular to the applied force. COMSOL @ finite element simulations verified this phenomenon. Figure 9 shows displacement and stress simulations assuming a Young's modulus and tensile strength of 750 kPa and 2.24 MPa for PDMS (1:10 mixing ratio), respectively [13, 14] . The device was fixed at the left end and the red arrows indicate the direction of applied displacement (4.4 mm, 22% strain) in the x-direction. As expected, the displacement increases linearly in the x-direction resulting in a uniform stress distribution across most of the platform except the channel boundary regions which are subjected to an increased stress (30 times increase as compared to other areas). In this case (22% strain), the maximum strain at the channel boundary exceeds the tensile strength indicating a breakage point. We should mention that the discrepancy between the simulated and measured results (22% versus 40%) is due to the wide variability in the mechanical properties of PDMS. The values we chose for the simulation can be different from the values of the actual device depending on the amount of cross-linker and curing conditions. Young's modulus of PDMS decreases as the amount of curing (i.e. cross linker) agent is reduced (860 kPa for 1:5 mixing ratio and 360 kPa for 1:15 mixing ratio) [15] . In addition to the variations of Young's modulus with cross-linker density, it has recently been reported that the PDMS mechanical strength Young's modulus is also thickness dependent, i.e. they both decrease with increasing thickness [16] .
In vitro cell culture experiments
Cell culture experiments with live/dead assay (Invitrogen L3224) were performed to confirm hermeticity of indium alloy inside the PDMS channels. PDMS retaining rings on the devices created a sealed region for cell culture media, figure 10. Devices were prepared by coating the top surface with 2% gelatin after O 2 plasma surface activation. Human aortic smooth muscle cells were then plated on the devices. The inset in figure 10 shows the fluorescent microscopic image of the aortic smooth muscle cells after 2 days of culture. Since the majority of cells survived (green) and relatively few died (red), short-term biocompatibility was demonstrated. Figure 11 shows that these cells stretched to 10% strain. As can be seen, cells remained viable and attached to the PDMS surface even during stretch.
In order to demonstrate the functionality of the gold pin platform with cultured cells, we performed electrical pacing of isolated adult murine cardiomyocytes. The cell population was prepared and deposited on the device allowing 30-90 min for cell attachment. Then the buffer medium containing non-attached cells was aspirated and Tyrode's salt solution was added to the PDMS ring wells shown in figure  10 . Following the preparation of cardiomyocytes, device wires were connected to a commercial electrical pacer (MyoPacer, IonOptix LLC). A biphasic signal (±15 V, 10 ms, 1 Hz) was then applied resulting in contraction of cardiomyocytes on the surface, demonstrating that the device could be utilized for in vivo stimulation.
To demonstrate the functionality of the tungsten wire platform, we stimulated murine embryonic stem cell-derived cardiomyocytes with the tungsten microelectrodes. The tungsten micro-wire platform was adapted for use with a commercial microelectrode array system (Multi Channel Systems, Reutlingen, Germany).
To enable electrical contact between the stretchable microelectrode array and the commercial amplifier system, an acrylic adapter plate with copper contacts was fabricated (see figure 12 ). Custom LabView software was used to stimulate and record from the microelectrode array. For cell experiments, embryoid body clusters of differentiated murine embryonic stem cells were monitored for the presence of beating cells. Beating colonies were harvested and seeded onto a gelatin-coated device in cell culture media (15% fetal bovine serum). Cells were allowed to attach for 1 h before pacing experiments. In order to measure single-cell depolarizations, the cardiomyocytes had to be directly in contact with the tungsten microelectrode. This required careful cell placement, but then a strong signal was observed (see figure 13) . The noise floor of the device with media only was less than 2 μV, while signals around 0.2 mV were observed when beating cells were in contact with the electrodes. External platinum pacing electrodes were used to apply electric field stimulation, but pacing actually suppressed cell beating. Future work will focus on successfully pacing these cells and recording the resulting depolarizations. After stimulation was stopped the beating recovered but was somewhat erratic. As a final demonstration that the cell depolarizations were responsible for the observed signal, we added ethanol to the cell media, killing the cells, and we observed immediate cessation of the depolarization signal and a return to the 'media only' flat trace.
Conclusions
We designed a simple and cost-effective process for fabricating a stretchable microelectrode array using PDMS, roomtemperature liquid alloy, and gold-coated nail-head pins or tungsten micro-wires. The stretchability exceeds what has been reported in the literature for gold-PDMS combination electrodes. We demonstrated device biocompatibility and functionality by culturing human aortic smooth muscle cells and pacing of adult murine cardiomyocytes. The cells adhered well to the substrate during mechanical strain and survived near and on the electrodes after 2 days of incubation. The platform also maintained its electrical capabilities after being subjected to repeated cycles of mechanical deformation. Finally, we demonstrated the electrical functionality of the gold pin system by pacing primary adult murine cardiomyocytes, and we used the tungsten wire platform in conjunction with a commercial amplifier system to record single-cell depolarization from murine embryonic stem cell-derived cardiomyocytes. This platform holds potential for use in both dynamic in vivo and in vitro applications.
